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9 1. Introduction
10 Eye colour variability is one of the most visible manifestations
11 of individual physical variation in people of Caucasian descent. The
12 pigmentation of the iris is determined by the amount of melanin
13 present in the anterior layer of the iris stroma [1]. Eye colour is thus
14 a quantitative character dependent on melanin content, with a
15 gradient of different colours ranging from light blue (very low
16 melanin content) to dark brown (high melanin content). However,
17 in almost all cases this quantitative variability can be unequivo-
18 cally reduced to three broad qualitative categories naturally
19 perceived by the human eye: blue/grey, green/hazel (also called
20 intermediate) and brown/black.
21Human eye colour is a fully genetically determined trait with a
22complex inheritance pattern, although most times it apparently
23behaves as a simple Mendelian character. This is so because one
24genetic region, HERC2/OCA2, accounts for the majority of the blue
25and brown variation (the two most common colours) in human
26eye colour [2,3].
27Although genetic association studies had already identiﬁed the
28relationship between the OCA2 gene and eye colour [2,4], it was not
29until 2008 when three independent studies found that HERC2, a
30neighbouring gene, and speciﬁcally the SNP rs12913832, was the
31key human eye colour regulator [5–7]. In addition, other genes
32such as SLC24A4, SLC45A2, TYR, TYRP1, ASIP or IRF4 have also been
33recognised to contribute to eye colour variation, although to a
34much lesser extent [8–10].
35More recently, investigations have focused on the development
36of a forensic genetic test to accurately predict eye colour from an
37unknown or anonymous DNA sample [11–13]. Although these
38studies provide slightly different recommendations for accurate
39eye colour prediction, all suggest that the genotyping of a small
40number of SNPs from a handful of pigmentation-associated genes
41can predict blue/brown eye colour with more than 90% accuracy.
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A B S T R A C T
In recent years, several studies have greatly increased our understanding of the genetic basis underlying
human eye colour variation. A large percentage of the eye colour diversity present in humans can already
be genetically explained, so much so that different DNA-based eye colour prediction models, such as
IrisPlex, have been recently developed for forensic purposes. Though these models are already highly
accurate, they are by no means perfect, with many genotype–phenotype discrepancies still remaining
unresolved. In this work we have genotyped six SNPs associated with eye colour (IrisPlex) in 535
individuals from Spain, a Mediterranean population. Aside from different SNP frequencies in Spain
compared to Northern Europe, the results for eye colour prediction are quite similar to other studies.
However, we have found an association between gender and eye colour prediction. When comparing
similar eye colour genetic proﬁles, females tend, as a whole, to have darker eyes than males (and,
conversely, males lighter than females). These results are also corroborated by the revision and meta-
analysis of data from previously published eye colour genetic studies in several Caucasian populations,
which signiﬁcantly support the fact that males are more likely to have blue eyes than females, while
females tend to show higher frequencies of green and brown eyes than males. This signiﬁcant gender
difference would suggest that there is an as yet unidentiﬁed gender-related factor contributing to human
eye colour variation.
 2013 Published by Elsevier Ireland Ltd.
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42 Signiﬁcantly, intermediate eye colours such as green or hazel still
43 remain quite difﬁcult to predict [8].
44 In this work, as in Walsh et al. [13], we have genotyped six SNPs
45 associated with eye colour (IrisPlex) in 535 people from Spain, a
46 Mediterranean population. Aside from different SNP frequencies in
47 Southern European populations when compared to Northern
48 European ones, results for eye colour prediction are similar to other
49 studies. However, we have found a very strong association
50 between gender and eye colour prediction. When comparing
51 similar eye colour genetic proﬁles, females tend, as a whole, to
52 have darker eyes than males (and, conversely, males lighter than
53 females). This signiﬁcant gender difference would suggest that
54 there is an as yet unidentiﬁed factor contributing to human eye
55 colour variation.
56 2. Materials and methods
57 2.1. Study subjects and data collection
58 A total of 535 individuals were included in this study. All
59 samples belonged to healthy control subjects of Spanish origin
60 drawn from various skin cancer studies, and were collected at
61 several Spanish hospitals from the provinces of Madrid, Valencia
62 and Castellon (Supplementary Table S1). All participants provided
63 written informed consent, and the study was approved by the
64 Ethics Committee of INCLIVA Health Research Institute, Valencia,
65 Spain.Supplementary data associated with this article can be
66 found, in the online version, at http://dx.doi.org/10.1016/j.fsi-
67 gen.2013.03.007.
68 A standardised questionnaire was used to collect information
69 on pigmentation characteristics, as well as personal and family
70 history of relevant diseases. For the purpose of this study we took
71 into consideration age, gender and eye colour. Eye colour was
72 determined by especially trained personnel. All eye colours were
73 grouped in just three functional categories: brown/black, hazel/
74 green (or intermediate), and blue/grey.
75 Genomic DNA from individuals was isolated from peripheral
76 blood lymphocytes and diluted to a ﬁnal solution of 50 ng/ml. This
77 was done using the traditional saline method or the DNAzol
78 procedure (Invitrogen, Eugene, OR, USA). DNA concentration was
79 quantiﬁed in samples prior to genotyping by using Quant-iT
80 PicoGreen dsDNA Reagent (Invitrogen, Eugene, OR, USA). Further
81 DNA concentration measurements were obtained using the
82 Nanodrop 2000 spectrophotometer.
83 2.2. SNP selection
84 We genotyped the six SNPs included in the IrisPlex eye
85 colour panel [8,13]. These comprise rs12913832 (located in the
86HERC2/OCA2 region), rs1800407 (OCA2 gene), rs12896399
87(SLC24A4 gene), rs16891982 (SLC45A2 gene), rs1393350 (TYR
88gene), and rs12203592 (IRF4 gene). These six SNPs have been used
89in previous studies, and have already demonstrated their
90suitability for predicting eye colour in Caucasian populations
91[12–16]. Public databases such as NCBI (http://www.ncbi.nlm.
92nih.gov) and Ensembl (http://www.ensembl.org) were used to
93collect information about SNPs and genes. A north European
94population (CEU) and a southern one from Tuscany, Italy (TSI)
95available from the HapMap project (phase 3), were used to get all
96SNP minor allele frequencies, as well as the raw genotypes. Details
97of gene names, gene locations, nucleotide changes, minor allele
98frequencies, SNP assay number and eye colour associated with the
99less frequent allele are provided in Table 1 and in Supplementary
100Table S2.Supplementary data associated with this article can be
101found, in the online version, at http://dx.doi.org/10.1016/j.fsigen.
1022013.03.007.
1032.3. Genotyping assays
104Genotyping assays were carried out using Kaspar technology
105(KBiosciences, Hoddesdon, UK). PCRs were performed in a total
106reaction volume of 4 ml containing about 10 ng of genomic DNA, a
107ﬁnal concentration of 4 New Kaspar Reaction Mix and 12 mm of
108each Kaspar primer. For SLC45A2 SNP rs16891982, TaqMan
109technology was used (Applied Biosystems, Foster City, USA).
110PCR conditions varied depending on the requirements of each
111probe, always according to the manufacturer’s indications. The
112genotype of each sample was determined by measuring ﬁnal
113allele-speciﬁc ﬂuorescence in the ABI Prism 7900HT Detection
114System, using SDS v2.3 software for allelic discrimination (Applied
115Biosystems, Foster City, USA).
116As a quality control measure, we included one no-template
117sample and one sample duplicate in each 96-well plate (a total of
118four per 384-well plate used). Genotypes were provided automat-
119ically by the software and were conﬁrmed manually in the
120laboratory by two different personnel. Additionally, all apparent
121discrepancies between genotype and phenotype were genotyped
122twice in independent experiments in order to prevent potential
123genotyping errors. Only individuals without missing genotypes
124(493) were considered for further analyses.
1252.4. Prediction model
126Liu and colleagues [8] have previously published the IrisPlex
127algorithm for eye colour prediction used in this and previous
128studies [13]. It is based on a multinomial logistic regression model.
129The probabilities of each individual for being brown-eyed (p1),
130blue-eyed (p2), and otherwise (p3) were calculated based on the
Table 1
Allelic distributions inQ5 different European populations.
Gene SNP Minor
allele
Minor allele’s
colour prediction
Ancestral
allele
MAF
HapMap_CEU
MAF
HapMap_TSI
Spanish
population
p-Value CEU p-Value TSI
pHWE MAF
HERC2/OCA2 rs12913832 Tb Brown T 0.21 0.59 0.21 0.63 5.68E-39 0.29
OCA2 rs1800407 T Blue C 0.08 0.10 0.99 0.10 0.25 0.87
SLC24A4 rs12896399 Gb Brown G 0.43 0.63 0.012 0.66 1.02E-12 0.52
SLC45A2 rs16891982 C Brown C 0.02 – 0.94 0.16 5.62E-07 –
TYR rs1393350 T Blue C 0.22 0.25 0.94 0.23 0.66 0.49
IRF4 rs12203592 A Blue G 0.15 0.09 0.05 0.14 0.43 0.09
a MAF, minor allele frequency (referenced to HapMap_CEU minor allele).
b Alleles with higher frequencies in the Italian and the Spanish population, becoming the major allele in both.
c pHWE p-value for Pearson’s goodness of ﬁt test for deviation from Hardy–Weinberg equilibrium. p-value CEU and p-value TSI refer to the p-values of a Pearson’s goodness of
ﬁt test comparing the Spanish minor allele frequency obtained from our samples with HapMap_CEU and HapMap_TSI frequencies respectively.
d Bold in p-values denotes statistically signiﬁcant results. Bold in minor alleles denotes alleles that become the major allele in our population.
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131 sample genotypes, being allocated different weights depending
132 on whether an individual has two, one or no minor alleles.
133 The probabilities were calculated according to the following
134 formulas:
135
p1 ¼ expða1 þ
P
bðp1ÞKxKÞ
1 þ expða1
P
bðp1ÞKxKÞ þ expða2 þ
P
bðp2ÞKXKÞ
1367
138 p2 ¼ expða2 þ
P
bðp2ÞKxKÞ
1 þ expða1
P
bðp1ÞKxKÞ þ expða2 þ
P
bðp2ÞKxKÞ
13940
141 p3 ¼ 1  p1  p2
1423 where xk is the number of minor alleles of the kth SNP. The model’s
144 parameters, alpha and beta, were derived based on the genotypes
145 of 3804 Dutch individuals in the model-building set of the previous
146 study, and can be found in the same publication. These
147 probabilities can be calculated using the macro provided in the
148 supplementary material of Walsh et al. [13]. This prediction model
149 classiﬁes each individual as having brown, blue or an intermediate
150 eye colour. Brown colour is considered when, given a speciﬁc
151 IrisPlex SNP combination, the probability of being brown-eyed is
152 higher than 0.5. Blue colour is predicted only when the probability
153 of being blue-eyed is higher than 0.7. When, according to this six
154 SNP genotype, the probability of being brown-eyed is less than 0.5
155 and, at the same time, the probability of being blue-eyed is lower
156 than 0.7, the colour is classiﬁed as intermediate. The prediction
157 relevance rank by SNP, in descending order of importance, was the
158 following: rs12912832 ﬁrst (most important), rs1800407 second,
159 12896399 third, rs16891982 fourth, rs1393350 ﬁfth and ﬁnally
160 rs12203592 sixth. Those individuals in which at least one SNP
161 failed to be genotyped were excluded from this part of the study,
162 since it was not possible to estimate eye colour probabilities,
163 therefore a total of 493 individuals remained for subsequent
164 analyses.
165 We assessed the accuracy of the prediction model by comparing
166 the predicted eye colour with the real one, and then all samples
167 were classiﬁed, for further analyses, as correctly predicted, darker
168 than predicted, or lighter than predicted.
169 2.5. Statistical analysis
170 SPSS v19 was used to carry out the analyses. Bonferroni’s
171 correction was implemented as the method of adjustment for
172 multiple comparisons. All p-values were two-sided and those
173 lower than 0.008 were considered statistically signiﬁcant.
174 For all polymorphisms studied, Fisher’s exact test was used
175 both to test for deviations from Hardy–Weinberg equilibrium
176 (HWE) among the population sample and to compare differences
177 in the minor allele frequency (MAF) distributions between cases
178 and controls. HWE was rejected when the p-value was lower than
179 0.008 after Bonferroni’s correction. Our data was compared with
180 raw data obtained from HapMap_CEU and HapMap_TSI using
181 unconditional logistic regression, in order to evaluate minor allele
182 frequency differences between of our Spanish population and
183 those available in HapMap.
184 Several analyses were performed to assess associations
185 between genotypes and eye colour, and to evaluate the weight
186 of each SNP, simultaneously allowing for various confounding
187 factors. Genotype-related odds ratios (ORs) using the co-dominant
188 model, their corresponding 95% conﬁdence intervals (CIs) and
189 associated p-values were estimated via unconditional logistic
190 regression. This was done for each SNP as well as for gender. We
191 also obtained results adjusted by possible confounding effects
192 between SNPs or with phenotypic factors like gender after
193including them all in a multivariate unconditional logistic
194regression analysis.
195A meta-analysis was performed to compare our results to
196previously published data and check the robustness of our results.
197We searched for Caucasian populations in the literature containing
198data on both eye colour (classiﬁed in three categories that could be
199grouped in blue/non-blue eyes) and gender [10,17,18]. We
200conducted the meta-analysis on populations from Iceland,
201Holland, Australia and Poland along with the Spanish population
202analysed in this study, by applying a Cochran–Mantel–Haenszel
203test to the analyses performed on the total number of samples from
204all different populations, as previously described [19,20]. We set
205being male as a suspected risk factor for having blue eyes.
206To evaluate differences in prediction accuracy between
207genders, we performed a 2-by-2 contingency table and calculated
208Chi-square values, p-values and associated odds ratios. We ﬁrst
209considered the genotype of the HERC2/OCA2 SNP and then we
210added the remaining IrisPlex SNPs and prediction algorithm. All
211samples were assembled in four different groups depending on
212gender and eye colour prediction: males correctly predicted, males
213wrongly predicted, females correctly predicted and females
214wrongly predicted. A sub-classiﬁcation within the wrongly
215predicted groups was established based on whether the predicted
216eye colour was darker or lighter than the real colour. The groups
217obtained are described in Table 4.
2183. Results
2193.1. SNP allele distributions
220Minor allele frequencies for each SNP in three different
221populations (HapMap_CEU and TSI, and Spanish) and p-values
222for the comparison between them and the Spanish population are
223detailed in Table 1, along with p-values of test of departure from
224Hardy–Weinberg equilibrium among our population. All polymor-
225phism complied with Hardy–Weinberg equilibrium except SNP
226rs12896399 located within the SLC24A4 gene.
227We ﬁrst observed that in both rs12913832 and rs12896399, the
228minor allele in the HapMap_CEU population becomes the major
229allele in both the Spanish and the HapMap_TSI populations. We
230were not able to test the difference between the Spanish and the
231Italian populations for SNP rs16891892, since this data is not
232available in HapMap.
233Minor allele differences in the Spanish population differ
234signiﬁcantly from HapMap_CEU frequencies in three SNPs:
235rs12913832 (HERC2/OCA2), rs12896399 (SLC24A4) and
236rs16891982 (SLC45A2). We observed that frequencies in our
237population were more similar to the ones in the HapMap_TSI
238population (Table 1).
2393.2. Phenotype and genotype distribution
240We classiﬁed all participants into three eye colour groups:
241brown, blue/grey and intermediate (intermediate phenotypes
242ranging from light green to light brown/hazel with shades of green).
243The Spanish population predominantly possesses brown eyes
244(75.47%), while blue-eyed people comprise 11.32% of the population,
245and there is a relatively high percentage (13.21%) of people with
246intermediate phenotypes (Fig. 1). When eye colour percentages
247are separated according to gender, percentages turn out to be
248different between males and females (Table 2). The percentage of
249blue-eyed females (8.5%) was notably lower than the one of blue-
250eyed males (14.71%) in the Spanish population, whereas brown-
251eyed females (78.45%) were considerably more common than males
252(71.43%). These differences presented statistically signiﬁcant results
253(OR 1.34, 95% CI: 1.04–1.73, p-value 0.024) (Table 2).
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254 In addition, we have performed a test to evaluate whether any
255 of the other 5 IrisPlex SNPs are associated with gender, which
256 would explain the differences in eye colour distribution between
257 males and females. The results obtained demonstrated that none of
258 the additional SNPs considered were associated with gender (data
259 not shown).
260 We have performed a similar analysis using previously
261 published eye colour frequency data from other Caucasian
262 populations (Iceland, Holland, Australia, Poland) in which gender
263 numbers were included [10,17,18]. The results of the present
264 meta-analysis are shown in Fig. 2. When all individuals comprised
265 in these studies, including the present one (a total of 10,292
266 individuals of Caucasian origin), are analysed together, the
267 difference is extremely signiﬁcant (p-value 1.56  1010). In
268 addition, due to the fact that the Australian study by Duffy et al.
269 [18] is actually derived from family data and not from unrelated
270 individuals, which may have signiﬁcantly distorted the results, we
271performed an alternative analysis excluding the Australian data
272from the analysis (including only Iceland, Holland, Poland and
273Spain). The p-value achieved was 8.96  1019. Caucasian males
274deﬁnitely tend to have higher frequencies of blue/grey eye colour
275when compared to females who, in turn, display darker eyes (green
276or brown) much more commonly (see Fig. 2).
2773.3. IrisPlex SNP association with blue eye phenotype
278We performed a statistical analysis via unconditional logistic
279regression to assess the association between all six SNPs and blue
280eye colour. We tested the differences in genotype distribution
281between blue-eyed individuals and non-blue-eyed ones among
282493 Spanish individuals. Since the eye colour differences between
283males and females described above suggested that gender could be
284a confounding factor, we decided to include gender in the analysis.
285As expected, HERC2/OCA2 SNP rs12913832 was found to be the
286major factor responsible for blue eye colour, with an OR of 0.03
287(95% CI: 0.02–0.07, p-value 4.91  1024). We also found a trend to
288signiﬁcance for blue eye colour association with gender (OR 1.69,
28995% CI: 0.96–2.97, p-value 0.068), meaning that male gender might
290be a factor contributing to blue eye colour (Table 3).
291To assess possible confounding effects, a multivariate logistic
292regression analysis including SNPs and gender altogether was
293carried out. As expected, a strong association was found between
294HERC2/OCA2 and blue-eye colour (p-value 2.37  1018). SNP
295rs16891982 on SLC45A2 (p-value 2.5  102) and, surprisingly,
296gender (p-value 1.2  102) resulted in statistically signiﬁcant
297associations with eye colour after adjustment for genotypes. Even
298though only HERC2/OCA2 association reached the Bonferroni
299threshold of 0.008, gender also showed a p-value nearing
300signiﬁcance after correction. We also found marginal signiﬁcant
301association with rs12203592, located on IRF4 (p-value 0.071) and
302with rs1800407 on OCA2 (p-value 0.075) (Table 3).
3033.4. Accuracy of the prediction model
304The IrisPlex predictive model was applied as described in Walsh
305et al. [13], and the prediction colour of each individual based on
306their genotypic proﬁle of six SNPs located on six genes at different
307chromosome location was obtained. This colour prediction was
308compared with the real colour in each individual and the
309percentage of concordance was computed for all 493 individuals
310complying with the six-SNP IrisPlex genotype. Eye colour
311prediction count, percentages and concordance by phenotype
312and gender are detailed in Table 4.
313The overall prediction accuracy is over 80% (83.38%) in the
314Spanish population. However, this prediction accuracy greatly
315varies depending on both eye colour and gender, predicting much
Fig. 1. Eye colour phenotype frequencies across three Spanish populations.
Geographic locations: (a) Madrid (N = 332), (b) Castellon (N = 121), (c) Valencia
(N = 82). Pie charts show the percentages of individuals with each phenotype. The
size of each pie chart is proportional to the sample size. Stripped grey colour
represents the frequency of blue-eyed individuals, dark grey represents brown-
eyed individuals, and light grey represents the frequency of intermediate
phenotypes.
Table 2
HERC2/OCA2 genotypes andQ6 eye colour phenotypes among sampled Spanish individuals.
Genotype N = 493c (%) Sex p-Value OR (95% CI)
Female (n = 271) Male (n = 221)
HERC2/OCA2 Genotype CC 65 (13.19) 37 (13.60) 28 (12.67) 0.269 1.16 (0.89–1.51)
CT 232 (47.06) 134 (49.26) 98 (44.34)
TT 196 (39.76) 101 (37.13) 95 (42.99)
Sex
Phenotype N = 535c (%) Female (n = 297) Male (n = 238) p-Value OR (95% CI)
Eye colour phenotype Blue/grey 60 (11.32) 25 (8.5) 35 (14.71) 0.024 1.34 (1.04–1.73)
Intermediate 72 (13.46) 39 (13.13) 33 (13.87)
Brown/black 403 (75.33) 233 (78.45) 170 (71.43)
a p-ValuesQ7 and OR for t-student via unconditional logistic regression. OR (95% CI): odds ratio and 95% conﬁdence interval.
b Percentages are shown in parentheses and calculated using as a total the N of each subgroup (total, female and male).
c Note that the genotype and phenotype totals are different due to missing genotypes in some individuals.
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316 better brown-eyed individuals, 95.66% correctly predicted (with
317 95.60% for males and 95.71% for females) than blue-eyed
318 individuals (76.36%). Overall, the accuracy for intermediate
319 phenotypes is low, 23.18% (32.26% in males and only 15.79% in
320 females). Although the ability to predict blue-eyed phenotypes
321was considerable (76.36%), there was a remarkable male/female
322divergence, with 83.33% of blue-eyed females correctly predicted
323versus only 70.96% of blue-eyed males.
324To further evaluate these eye colour mispredictions, we focused
325our attention on the SNP most associated to blue vs. non-blue
Fig. 2. Meta-analysis of the blue-eye colour trait in different Caucasian populations. N refers to the total number of samples analysed in each study. Total A and Total B p-values
have been calculated using the Cochran–Mantel–Haenszel test. OR: Odds ratio. Diamond shapes represent the overall odds ratio. The size of the diamond is proportional to the
number of individuals, and error bars represent 95% conﬁdence intervals. Light grey-ﬁlled diamonds represent data from individual studies, dark-ﬁlled diamonds represent
the sum of all studies. Bold on p-values denote statistically signiﬁcant results. Total A: Results achieved by taking into account all populations, including Australia. Total B:
Results achieved by excluding Australian data from the analysis (including only Iceland 1 and 2, Holland, Poland and Spain). This alternative analysis was performed due to
the fact that the Australian study of Duffy et al. [18] is actually derived from family data and not from unrelated individuals, which may have signiﬁcantly distorted the results.
Table 3
Genotypic association with blue eye colour.
Gene SNP Allele/factor Non-adjusted Adjusted
OR (95% CI) p-Value OR (95% CI) p-Value
HERC2/OCA2 rs12913832 T 0.03 (0.02–0.07) 4.91  10S24 0.02 (0.01–0.05) 2.37  10S18
OCA2 rs1800407 T 0.56 (0.25–1.25) 0.159 2.77 (0.90–8.35) 0.075
SLC24A4 rs12896399 G 0.96 (0.65–1.42) 0.847 0.89 (0.49–1.59) 0.687
SLC45A2 rs16891982 C 0.62 (0.33–1.15) 0.129 0.36 (0.15–0.89) 0.025
TYR rs1393350 T 0.90 (0.55–1.46) 0.669 1.35 (0.65–2.79) 0.416
IRF4 rs12203592 A 1.38 (0.79–2.41) 0.260 2.12 (0.94–4.78) 0.071
Gender Male 1.69 (0.96–2.97) 0.068 2.87 (1.26–6.54) 0.012
a p-Values for Fisher’s exact test. OR (95% CI): odds ratio and 95% conﬁdence interval.
b Adjusted for all potential risk factors by including them on a multivariate logistic regression analysis, considering all six SNPs and gender as risk factors.
c Bold marksQ8 statistically signiﬁcant results.
d Full six-marker genotypes from 493 individuals were available for this analysis.
Table 4
Eye colour phenotypes in the Spanish population, separated by sex and by predicted eye colour concordance (N = 493).
Gender Phenotype Predicted eye colour Total Prediction-phenotype concordance
Blue Intermediate Brown
Male (N = 221) Blue 22 (70.96) 2 (6.45) 7 (22.58) 31 22 (70.96)
Intermediate 3 (9.68) 10 (32.26) 18 (58.06) 31 10 (32.26)
Brown 1 (0.63) 6 (3.77) 152 (95.60) 159 152 (95.60)
Total 27 18 177 184 (83.25)
Female (N = 272) Blue 20 (83.33%) 3 (12.50) 1 (0.16) 24 20 (83.33)
Intermediate 13 (34.21) 6 (15.79) 19 (50.00) 38 6 (15.79)
Brown 1 (0.48) 8 (3.81) 201 (95.71) 210 201 (95.71)
Total 34 17 221 227 (83.45)
a Predicted usingQ9 the mathematical model suggested by Liu, only in samples complying with all six IrisPlex SNP genotypes.
b Percentages are shown in parentheses.
c Prediction concordance percentages were obtained from all individuals within the considered phenotype.
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326 phenotype: HERC2/OCA2 rs12913832. Among all individuals
327 homozygous for the HERC2/OCA2 minor allele (CC, associated with
328 blue eyes), 92.30% were predicted blue by the IrisPlex algorithm. Of
329 those, 30% were wrongly predicted blue, since they had either
330 brown or an intermediate eye colour phenotype. Most importantly,
331 77.78% of the HERC2/OCA2 homozygotes wrongly predicted to have
332 blue eyes were females, a remarkable difference. The remaining
333 7.70% of CC individuals were correctly predicted as intermediate
334 due to the genotypes of the ﬁve additional SNPs having alleles
335 associated with darker phenotypes, excluding one female who
336 actually had brown eyes. When considering only the HERC2/OCA2
337 heterozygotes, all were predicted as intermediate or brown-eyed
338 by the IrisPlex algorithm, due to the considerable weight that the
339 HERC2/OCA2 genotype has on eye colour. However, 5.2% of these
340 heterozygote individuals were in fact blue-eyed, 67% of them
341 actually being male – another gender-related difference. Moreover,
342 a single HERC2/OCA2 TT homozygote individual, also a male, was
343 detected who had actually blue eyes instead of brown eyes. None of
344 the other ﬁve SNPs could explain this effect. We therefore observe a
345 signiﬁcant trend pointing to darker eye phenotypes in females and
346 lighter in males when considering the HERC2/OCA2 genotype alone.
347 These gender-related comparisons probably resulted in non-
348 statistical signiﬁcant results due to the reduced size of the groups
349 considered. Studies with larger sample sizes or populations with
350 higher blue-eye frequencies would be necessary to analyse this
351 effect in more detail.
352 4. Discussion
353 In this study, we have determined the genotypes of six
354 pigmentation-related SNPs in 535 Spanish individuals in order
355 to further our understanding of eye colour prediction based on
356 genotypes in the Spanish population.
357 First, this work conﬁrms the signiﬁcant differences detected in
358 allelic frequencies in pigmentation related genes according to
359 latitude among European populations [10,14,16,21]. Three of the
360 genotyped SNPs, rs12913832 (HERC2/OCA2 gene), rs12896399
361 (SLC24A4 gene), rs16891982 (SLC45A2 gene), had roughly reverse
362 allele frequencies in Spain when compared to Northern European
363 populations, more in the line of darker Mediterranean populations
364 such as the Italians, Greeks and French [16,21]. This evident North-
365 South variation in allele frequencies is indeed consistent with the
366 correlation between solar UV radiation levels and skin pigmenta-
367 tion in Europe [22,23].
368 Although all six IrisPlex SNPs have been signiﬁcantly associated
369 with eye colour in populations of Northern European origin
370 [4,8,10,13,14,16], in our study of a dark Mediterranean population
371 we could only strongly associate with eye colour variation HERC2/
372 OCA2’s rs12913832, and moderately IRF4’s rs12203592 and the
373 two coding SNPs in both OCA2 and SLC45A2, perhaps due to the
374 relatively low frequencies of blue-eyed individuals in Southern
375 Europe [16,24,25] (see Section 3 and Table 1).
376 However, the major ﬁnding of this work is indeed the seemingly
377 important role played by gender in the association between
378 genotypes (especially of HERC2/OCA2) and eye colour phenotype.
379 This relationship is supported by the statistical signiﬁcant results
380 of the logistic regression analysis (Table 3).
381 The association between genotype, eye colour and gender is
382 made particularly obvious when we consider the genotype of
383 rs12913832 (in the HERC2/OCA2 region), the SNP more strongly
384 correlated with eye colour. Previous studies have determined that
385 rs12913832 accounts for most eye colour variation seen in
386 Caucasians [5–7], and that the rest of the SNPs apparently
387 implicated so far in eye colour, rs1800407 (OCA2 gene),
388 rs12896399 (SLC24A4 gene), rs16891982 (SLC45A2 gene),
389 rs1393350 (TYR gene), rs12203592 (IRF4 gene), rs1408799 in
390TYRP, etc., have a relatively minor role [10,11,13,14,16]. But when,
391in our Spanish population, we focus solely on the genotype of
392rs12913832, we ﬁnd that discrepancies between this SNP’s
393genotype and eye colour phenotype are better explained by
394gender than by the addition of further SNPs. For example, most of
395the individuals (74%) in disagreement with a supposedly ‘blue/grey
396genotype’ (rs12913832 CC homozygotes that turn out not to have
397blue/grey eyes, and end up having a darker eye colour) are actually
398female. On the other hand, 70% of the individuals with blue/grey
399eyes not bearing the rs12913832 CC genotype (that is, having a
400lighter eye colour than suggested by their genotype), turn out to be
401male (see Fig. 3).
402Conversely, only 54% of the females with the rs12913832 CC
403genotype actually had blue or grey eyes, while most males with the
404CC genotype ended up having blue/grey eyes (79%). Even a
405relatively large fraction of the males carrying the CT or TT
406genotypes (4.7%) ended up having blue/grey eyes. On the other
407hand, almost all females (98.3%) carrying the supposedly ‘dark-
408eyed genotype’ (rs12913832 CT heterozygotes and TT homo-
409zygotes) had indeed dark eyes (intermediate and brown) (All these
410data are shown in Fig. 3). This circumstance might also be
411expressed in terms of the sensitivity and speciﬁcity of a model. For
412example, we could actually state that, for the detection of blue eyes
413in males, the IrisPlex model demonstrates both a high speciﬁcity
414(most males predicted blue by the model actually had blue eyes),
415and a low sensitivity (a considerable proportion of males with blue
416eyes were not predicted blue by the model).
417The conclusion or bottom line to be drawn from these results is
418that, given a particular HERC2/OCA2 genotype, males are more
419prone to have lighter eye colours than predicted by their
Fig. 3. Distribution/count of eye colour phenotypes according to their HERC2/OCA2
genotype and separated by gender, on a total of 493 Spanish controls. Percentages
are calculated taking into account the total number of individuals within each
HERC2/OCA2 genotype. The percentage of each phenotype (blue, intermediate and
brown) is represented by bars of the corresponding colour. The number on the top
of each bar represents the count of individuals in each category. (For interpretation
of the references to colour in this ﬁgure legend, the reader is referred to the web
version of the article.)
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420 genotypes, while females tend to have darker eye colours than
421 predicted.
422 This effect is what may explain the fact that there seem to be
423 comparatively higher frequencies of blue-eyed males than blue-
424 eyed females in populations of European origin such as Iceland
425 [10], Holland [10], Australia [18] or Poland [17], as well as in this
426 study (see Fig. 2). This appears to conﬁrm the association
427 between females and slightly darker eye colours and, conversely,
428 males and lighter eye colours. This difference has been revealed
429 to be highly signiﬁcant (p-value 1.56  1010, see Results
430 section), as demonstrated by the meta-analysis of available data
431 from ﬁve different populations of Caucasian origin – Iceland,
432 Holland, Australia, Poland and Spain (the p-value reaching
433 8.96  1019 when the family-drawn biased Australian data
434 was left out of the analysis). The results of this analysis (Fig. 2)
435 show that males clearly and signiﬁcantly exhibit blue/grey eyes
436 more commonly than females, while green or brown eyes are
437 indeed more frequent in females than males. Supporting this
438 observation is the fact that in populations with very high blue-
439 eye frequency, such as Iceland or Holland, females show greater
440 proportion of green eyes at the expense of blue eyes [10]. This
441 green-eye phenotype could actually indicate a darkening of the
442 blue eye colour genotype in females. However, in populations
443 with predominantly dark eye colours such as the Spanish one,
444 the effect of female eye darkening might simply be hidden by the
445 common dark eye colour, being added or incorporated within
446 the brown colour category, and thus showing no increment in
447 female green-eye colour frequency.
448 These results apparently disagree with some previous studies
449 suggesting that females around the world show on average lighter
450 skin colour than males [22,26] based on a sexual selection
451 hypothesis. In our opinion, our results do not challenge the
452 evidence of lighter female skin, since both eye colour and
453 speciﬁcally the HERC/OCA2 gene region do not seem to be
454 associated with skin colour [10,27]. Furthermore, this male-female
455 skin colour divergence does not necessarily have to be caused by
456 genetic factors, and could be explained by physiological reasons
457 such as male’s considerable thicker skin and greater blood vessel
458 content [28,29] and/or socio-cultural reasons (e.g. males spending
459 more time outdoors and with less clothing than females). In
460 addition, a recent GWAS by Candille et al. has pointed out that
461 Caucasian males are actually more lightly pigmented in the
462 unexposed skin than females [27].
463 Regarding the IrisPlex prediction algorithm, the model is much
464 better at predicting blue eyes in females than males, due to the
465 already mentioned excess of blue-eyed males not bearing the
466 HERC2/OCA2 CC genotype. Although the model is equally good at
467 predicting brown colour in males and females, it is true that it is
468 worse at predicting intermediate/green colour in females than
469 males, probably because more females bearing the ‘blue eye
470 genotype’ (HERC2/OCA2 CC homozygous genotype) end up having
471 green or intermediate eyes.
472 As a whole, the IrisPlex algorithm is quite good predicting
473 brown eye colours, and relatively good at predicting blue/grey
474 colours. But we have to take into account that there is a middle
475 fraction, the intermediate/green coloured individuals, where the
476 model shows great prediction difﬁculties. Moreover, this interme-
477 diate fraction seems to be slightly higher in the Spanish and other
478 Mediterranean populations than in Northern European popula-
479 tions [16].
480 5. Conclusions
481 This study suggests that there exists a signiﬁcant male-female
482 eye colour divergence in the Spanish population as well as in other
483 Caucasian populations. Additional studies in other populations of
484Caucasian origin are necessary to conﬁrm this ﬁnding, mainly
485analysing the correlation between rs12913832 genotype and eye
486colour in relation to gender. This signiﬁcant gender difference
487could suggest that there is an as yet unidentiﬁed gender-related
488factor contributing to human eye colour variation.
489With regard to the IrisPlex prediction algorithm, the introduc-
490tion of a ‘gender factor’ in the model that could take into account
491this gender divergence would allow for the prediction of slightly
492lighter eye colours for males as well as slightly darker eye colours
493for females. Probably, this gender factor would signiﬁcantly
494improve the prediction success rate of the IrisPlex model or other
495models used to predict eye colour phenotypes from DNA
496genotypes.
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